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of the system has been evaluated as + 1 percent in RSS
for a power range of 1 - 200 mW. Advantages of the
method are of convenience and speed of calibration.
APPENDIX
The effective efficiency -1es of the standard TPU and the
calibration factor K, of the unknown power meter is ex-
pressed as
Rls Vt
77es= and K,I=- (A1)Rd Rlt
from (2).
The incident power Ps for the standard TPU and P, for
the unknown power meter is given by
V V
PS = VS and P,= '. (A2)Rls Rlt
respectively. Since the power splitting ratio does not
change in the period of two measurements
P P (A3)
Pms Pmt
We can easily get (8) from (Al) to (A3).
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Design Criteria of Subnanosecond UV N2 Lasers
Operating at Atmospheric Pressure
JUH TZENG LUE
Abstract-Some design limitations for a fast Blumlein-line discharge
based on the propagation of traveling waves in a matched transmission
line are described ensuring optimum construction of N2 lasers operat-
ing at atmospheric pressure. The dependence of peak power and rise
time on cavity length and initial pumping levels has been demonstrated
to be nonlinear.
I. INTRODUCTION
S EVERAL constructional details on picosecond N2 la-
sers operating at atmospheric pressure have been re-
ported [1], [1 a]-[4]. Unfortunately, no information con-
cerning design criteria has been mentioned. A slight mod-
ification of the systems described in the Ilierature would
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not yield optimum performance. It is also a puzzle to the
designers that the strong and weak peaks of the laser out-
put reverse their time sequences as the fill-pressure
changes [5]. The construction of the atmospheric N2 laser
looks very simple, but several conditions should be strictly
followed for successfully operating the laser.
The mechanism of the laser action is unusual as the life-
time of the upper C37r level (= 40 ns) is much shorter
than that of the lower Bwrg level which is about 6 As. Pop-
ulation inversion can be achieved owing to the fact that
the electron excitation cross section is about twice as large
for the upper as for the lower level. The most important
consideration is that the pumping rate should be faster than
the lifetime of the upper laser level, so that an inversion
of population can be attained before spontaneous emission
decay which always tauses gain saturation. At higher fill-
pressure, the lifetime of the upper laser level becomes even
shorter, and consequently it becomes more difficult to es-
tablish the inversion threshold.
0018-9456/85/0900-0436$01.00 © 1985 IEEE
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Fig. 1. Sketch of a low-inductance spark-gap and a successfully operating
system. (The botton side of the Blumlein-line is an aluminium plate of 6
mm thickness and the upper plate is constructed of copper foils of 0.4
mm thickness.)
e
e I
(a) (b)
Fig. 2. Geometrical configurations of the Blumlein plate. (a) Bidirectional
mode. (b) Unidirectional mode.
II. GEOMETRICAL LIMITATIONS
To obtain a fast rise time for the EM (electromagnetic)
wave to propagate along the Blumlein-line, the time delay
due to breakdown of the switch (usually a high fill-pres-
sure trigatron is used), and the inductance between the
switch and the Blumlein plate should be smaller than the
lifetime of the upper laser level. A sketch of a very low-
inductance spark-gap and a successfully operating system
is shown in Fig. 1. The electrode separation inside the
cavity is 2 mm with a nitrogen fill-pressure of 100 bar.
Depending on the geometrical configuration of the
Blumlein plate, the laser can be operated in either bidi-
rectional or unidirectional modes. The bidirectional out-
put of the transversely excited atmospheric (TEA) laser as
shown in Fig. 2(a) gives an equally propagated radiance
along both directions of the cavity. The time elapsed for
the EM wave to travel from the switch S to the cavity ends
should be less than the time for light generated at the mid-
dle point to propagate toward the extremes, otherwise the
gain will be saturated by the presence of initial photons.
This leads to an equation
' + e a 1
' - + - (1)
v VJ C
where v = c/lE is the velocity of the EM wave propa-
gating in the medium with a dielectric constant of E,.
Equation (1) can be readily solved to give
H c tan- e-1 (2)
For polyethylene, (with the dielectric constant Er = 2.25)
we have 0 _ 67.380. The inclined angle of the Blumlein
plate is independent of the dimensions of the plate. This
condition also limits the cavity length without subse-
quently increasing the width of the Blumlein plate.
The traveling excitation for pronounced unidirectional
laser emission [6] is accomplished by running the high-
voltage breakdown along the cavity at the velocity of light.
This is a simple manifestation of the fact, that the break-
down process is not an instantaneous event. In fact even
if the electric field is sufficient to generate the cold emis-
sion of electrons, a certain delay, associated with the
transit time of the ions must be elapsed before the high
current discharge begins. Theoretical interpretation of a
gas-filled spark-gap [7] indicates that the delay time td can
be approximated by
td= kpd2/Va (3)
where k is a constant depending on the geometry of the
spark gap, p is the gas pressure, d is the electrode sepa-
ration, and Va is the applied voltage. According to our
empirical result based on the system as shown in Fig. 1,
k is determined to be 4.16 x i0-5 s * V/bar * mm2. For
pronounced unidirectional emission, the electrode sepa-
ration should be increased slightly in the forward direction
(as shown in Fig. 2(b)), so that the instant at which the
breakdown is taking place along the cavity should be coin-
cident with the time for the light to travel there. This can
be expressed as
B A Wtd _ td = -
C
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TABLE I
EMPIRICAL RESULTS OF THE LASER OUTPUTS AT THE FORWARD AND
BACKWARD DIRECTIONS DUE TO VARIATION OF dO AND di (THE NUMERICAL
VALUES INDICATE THE RELATIVE INTENSITY)
Gap separation Beam intensity at Remark
(mm) ends of
do d backward forward W=85cm, Vc=lSkV, h=lmm, a=b=30cm
1 1 medium medium small spot, uniform glow discharge
2 2
1 2 medium strong part of front cavity without discharge
2 3
1 3 very weak strong half of front cavity without discharge
1 3 5
2 2 strong strong uniform glow discharge
3 .5 3. 5
2 3 medium very strong glow accompanied with arc
2 4 very weak strong half of the front cavity without
1 3 discharge
3 3 strong strong uniform glow
3.5 3.5
3 4 medium very strong half of the front cavity without
2 5 discharge
3 5 weak strong half of the front cavity without
1 3 discharge
4 4 weak weak glow with arc
1 1
4 5 no-lasing no-lasing arc discharge
0 0
or
d=d--WVadckp
l2irr d d'
v
=
v 4 C C
(4) or
where do and d are the electrode separation at the back-
ward and forward ends, respectively.
Table I shows the empirical results of the laser outputs
at the forward and backward directions due to variation of
do and d. This experiment reveals the fact that the laser
output can be almost wholly unidirected if the difference
of the electrode separation at the two ends of the laser
cavity lies between 1 - 2 mm. More prominent unidirec-
tion is obtained as the gap difference becomes larger at
the sacrifice of lowering the available power due to arc
discharge and possibly no discharge on the forward half
of the cavity. The unidirectional emission becomes more
efficient by increasing the fill-pressure and the laser cavity
length and is almost independent of the location of the
triggering spark-gap.
To successfully operate the high-pressure N2 laser,
preionization of the cavity is most important to suppress
the arc discharge. This can be attained by soldering two
cylindrical copper rods (or pipes) on the sharpened copper
foils as shown in Fig. 1. The sharpened blades act as aux-
iliary corona electrodes to provide a uiform photoioniza-
tion and thus prepare the main electrodes for glow for-
mation. The separation of the main electrodes do, that of
the blade d ', and the radius of the cylinders r are not ran-
domly chosen. The propagation of the EM wave through
the main electrodes should be faster than through the aux-
iliary blades for obtaining a large uniform discharge vol-
ume through the cavity gap. This can be written as
r <- (d'- d) x -
c X
(5)
where v is the EM velocity along the surface of the cyl-
inders. For naked metal electrodes, v = c. In our system,
we have d' = 7 mm, d = 3 mm, and consequently r <
2.55 mm.
III. IMPEDANCE MATCHING
For successful operation of the Blumlein-line discharge,
the characteristic impedance of the spark-gap, the strip
line, and the laser cavity should be carefully matched.
Otherwise, most of the power will be reflected back and
forth in the strip line resulting in broadening of the
pulsewidth and reduction of the peak power. The mecha-
nism of the Blumlein discharge can be explained as fol-
lows. The ignition of the trigatron switches the upper-left
plate to the ground where it has been charged by the high-
voltage source to V0. A ground-going pulse of amplitude
V0 begins to propagate along the strip line of impedance
Za toward the cavity. When the pulse reaches the end of
the cavity, it sees a total impedance of Zb + ZL. The re-
flected and transmitted current pulses are given by
I = Zb + ZL-ZaI
Zb + ZL + Za
and
It = Ii Zb+Z +Za (6)
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respectively. The reflected pulse propagating towards the
left reverses its polarity since it is terminated by a shorted
spark-gap, and the transmitted wave propagating towards
the right does not change its polarity since it is terminated
by an open circuit. If ZL = 2 Za = 2Zb, all the succeeding
reflections will be matched and canceled giving a total
pulse duration of 2 To, where To = al/v. On the other hand,
if ZL << Za = Zb, then a negligible pulse is reflected
giving a total pulse duration of To.
Design of a Blumlein-line discharge starts with the
characteristic impedance of the discharge circuit. For a
parallel plate, this is [8]
377 h
Za Zb e 1/2 hi w
~rel
where h (thickness of the dielectric medium) in the de-
nominator is a correction factor of the edge effect. As an
example for a system of h = 0.5 mm, w = 25 cm, Erel
2.25 for polyethylene, we have the characteristic imped-
ance Za = Zb = 0.50 U. It is important to note that the
length and thickness of the dielectric medium in both sides
of the Blumlein plate should be equal to match the imped-
ance.
The characteristic impedance of the laser cavity dis-
tinctly depends on whether the cavity is preionized or un-
preionized. For unpreionized parallel cylindrical elec-
trodes with an EM wave propagating perpendicular to the
electrode, the characteristic impedance has the same form
as (7) but with h substituted by d. In our system d = 0.2
we have ZL = 2.0 Q. This is rather high compared with
Za. According to (6) most of the power is reflected making
it unpractical for propagating the system in an unpreion-
ized mode.
For the preionized system, the characteristic impedance
is nonlinear and depends heavily on the gas density and
discharge current (i.e., to what degree the gas has been
ionized). For high-current discharge, the plasma resistivity
is anomalous due to the scattering of electrons by the tur-
bulent electric field caused by plasma instability [9]. The
current-voltage characteristic follows Marotta's formula
V = K10 85, where the constant K depends on plasma den-
sity (or fill-pressure) in powers of n- 12/13. The character-
istic impedance of the plasma discharge can be written as
ZL =-= KJ-°lVK0.15n -12/13 d l 0. 15Ai r (8)
We are unable to specify the numerical factor for this
cavity construction. Examination of (8) reveals that the
characteristic impedance of the cavity is almost inversely
proportional to the fill-pressure. At low pressures both the
impedance ZL and the reflecting pulse are high emanating
double peaks to the laser output [5]. The transients of the
current and voltage in the transmission line as terminated
by the nonlinear resistance originating from the plasma
resistivity can be illustrated graphically [10], [11] as
shown in Figs. 3 and 4. If the characteristic impedance of
the cavity is high (due to the increase of the electrode sep-
aration or the reduction of the gas pressure), multiple re-
P2
Fig. 3. Graphic illustration of the multiple reflections in the Blumlein-line
between a cavity of high-characteristic impedance and the spark-gap. (The
laser output Pw is a simulation of the current pulse. The superimposed
(A + B) of the forward (A) and reflected (B) wave indicate that the in-
tensity of the rear pulse is greater than the front pulse.)
.Za+ZL = Zb +ZL
20KV
ZasZb=0. Za
10KV-- Z(VVp
KA b b 4t KA
KV X _
KA
T BO T
To 3To STo 3To STo
Fig. 4. Graphic illustration as in Fig. 3 with a low-cavity characteristic
impedance. (The superimposed wave indicates that the intensity of the
rear pulse is almost negligibly small as compared with the front pulse.)
flection between the spark-gap and the cavity lying in the
transmission line would occur. The laser peak is low and
almost equally distributed to the forward and reflected
waves resulting in two distinctly superimposed laser peaks
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with the second energy peak stronger than the first one.
The duration between the two peaks is 2 To= 2 a/v. Re-
ducing the electrode separation, or increasing the fill-pres-
sure and the applied voltage has the same effect of dimin-
ishing the characteristic impedance of the cavity. Fig. 4
indicates, as ZL is reduced to near 0.12 Q, the back-re-
flected current becomes negligibly small, and the peak in-
tensity of the direct pulse is greatly enhanced.
To diminish the EM loss by skin effect, the Blumlein
plates have to be cleaned and polished. The skin effect
not only reduces the laser output, it also delays the rise
time of the step discharge-pulse making an undesirable
broadened pulsewidth. For a step-voltage input, a delay of
the output voltage along the transmission line by skin re-
sistance is
pT= ta2
167 Zah (9)
where p in ohm-centimeters (fQ * cm) is the resistivity on
the surface of the plates, ,u = 4w x 10-7 Q * s/m, and Za
is the characteristic impedance of the Blumlein plate.
IV. THE DEPENDENCE OF RISE TIME AND PEAK POWER
ON CAVITY LENGTH
The time interval between the laser peaks of the double-
pulse has been mentioned as above. The FWHM of each
pulse can only be solved by the laser rate equations. As-
suming that the pumping speed (or electric discharge) is
very fast, which quickly builds up a high initial population
inversion ni and then terminates, the spontaneous emis-
sion can be neglected during the pumping process. The
normalized rate equations for the rotational transition of
C37r(V = 0, J = J3) and B3%g(v = 0, J = J2) with uni-
directional laser output are
4A(z, t) a+ (c z, = n(z, t) cao(z, t)
at Oz
Cavity length (cm)
Fig. 5. The dependence of the peak power 0(t,,, l) on cavity length at var-
ious initial pumping levels n,.
tp (P-c)
- ~~~~~~~~~n'=01
-
~~~~~~~~~~~~~ni=0.15
nQ=0.20
, =0.25
5ct
Fig.
6 , ,~ io 2 * 60 80 1 10 140 160
Cavity length( cm)
6. The dependence of the rise time for the laser to reach its peak power
on the cavity length and pumping levels ni.
(10)
and
(n(z, t)
~~= -2an(z, t) c4)(z, t)
where n = (N3 - N2)1(N2 + N3) = (N3 - N2)1N0 is the
normalized inversion population with N0 being equal to
the total density of molecules excited to the lower (N2) and
upper (N3) laser levels, = l/chvNo is the normalized
photon density, and a is the cross section for stimulated
emission. Considering the gain saturation, the photon
density can be assumed to be linearly increased with the
channel length instead of exponential increase, or
4)(z, t) = z4.(t). (12)
By substituting (12) into (10) and (11), we can eliminate
the variable t, and obtain
d+(t) 1 - onz (13)
dn 2anz2
This equation can be readily integrated to give
Fig. 7. Oscillogram of the laser output displayed on a Tektronix 466 oscil-
loscope with a vertical scale of 2 V/div., and a time base of 5 ns/div.
(The photodetector is a Hamanatsu type-R1193u-01 phototube.)
2 [az ni
(14)
here we have assumed initially (at t = 0), b(0) = 0,
and n(0) = ni. The photon flux is maximum, when do(t)l
dn = 0. This implies n(tp) = I/az at the instant tp of the
laser peak power, and the normalized peak photon density
is
.0P ) = l41(tp) = 2 {n,- I [1 + In (onil)]}. (15)
The dependence of 0(tp, 1) on cavity length I at various
pumping levels ni is shown in Fig. 5. The excitation cross
(1 1)
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section a at atmospheric pressure is selected to be 2.0 cm-
[12] in this calculation. We find the laser peak power is a
monotonically increasing function of cavity length 1. The
laser peak power can be approximated by P = AOchvNo,
where A is the cross-sectional area of the laser output. As
an illustration of our system, A = 0.09 cm2, hv = 3.7 ev,
= 0.07 for I = 60 cm, and No 1017 cm3 for a high-
pressure, heavily glow discharge gas, we can estimate
P 10 MW.
To evaluate the rise time tp for the laser power to reach
its maximum value, (14) is substituted into (11). We find
n(tp)
tp =
ni
dn
anc |(n- ni) I ln nlni
a
Numerical integration of (16) is computed and sketched in
Fig. 6. The rise time of the laser peak intensity increases
slightly with the cavity length in most part of the high
pumping levels, and not proportional to llc. This is a novel
result of a pronounced unidirectional laser of which the
discharge along the cavity does not occur simultaneously.
As an illustration from our successfully operating sys-
tem which has a cavity length of 60 cm and operating volt-
age of 14 kV, the laser output from the backside of the
cavity is nearly extinguished when the electrode spacing
is linearly increased from 2 mm at the backside to 3 mm
at the forward side. The cross section of the near field
beam looks like a silkworn cocoon. The divergence angle
is 0.005 rad ensurling a low-spreading loss. The laser
power as measured by a fast photodiode was shown in Fig.
7. The observed pulse duration tobs is about 4.15 ns. The
rise time of the oscilloscope with a 100-MHz bandwidth
is tscope c 3.5 ns. The photodiode source-resistance,
Rg = 50 Q, combined with the scope input resistance,
Rin = 1 MD, and shunt capacitance, Cin = 20 pF, will
give an input charge time, tinput = 2.2RchCin = 2.2 ns,
where Rch = RgRinl(Rg + Rin). We can estimate the laser
pulse duration tg, according to the relation tobs=
+ tp + p to be lower than 360 ps.g scope inputs
The overall efficiency of the laser system is around 0.1
percent and decreases slightly as the applied voltage in-
creases. The peak power is maximum at 30 kV at then the
E/P = 240 V * cm- torr -1 which closely agrees with
the theoretical value of 250 V * cm * torr l The rep-
etition rate is 20 pps which is limited by the charging time
of the power supply. This system has been operated con-
tinuously more than one year without seeing any degra-
dation of the power output.
In conclusion, some guide lines for constructions of pi-
cosecond N2 laser operating at high pressures based on
several successful systems are laid down. With the infor-
mation presented in this paper, one can easily construct a
suitable system.
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